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The gas-atomized Al-Si alloy powder with different particle sizes was subjected to isothermal annealing
for understanding the effect of solidiﬁcation rate on precipitation and growth Si crystals. The results
show that Si precipitates grew more quickly in the small samples with a large solidiﬁcation rate due to
high interfacial energy. Moreover, these Si crystals had a tendency to form a quasi-spherical shape after
annealing at a low temperature or for a short holding time. Coarsening of the Si precipitates during
annealing was examined using a LSW equation. Thermal stability of the rapidly solidiﬁed alloy was
signiﬁcantly inﬂuenced by its original microstructure as a result of high solidiﬁcation rate. Furthermore,
more serious clustering of Si-Si phase was also observed in the small samples, attributed to the rapid
coarsening of the Si phases.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Rapidly solidiﬁed materials exhibit superior mechanical prop-
erties because of the reduction of compositional segregation, re-
ﬁnement of secondary phases, and suppression of coarse primary
phases [1–3]. Among various rapidly solidiﬁed alloys, hyper-
eutectic Al-Si alloys have attracted increasing interesting due to
their excellent properties, such as light-weight, good wear re-
sistance, and low coefﬁcient of thermal expansion (CTE) [4,5]. For
these materials, effective modiﬁcation of Si phases, e.g. size,
morphology, and distribution, is of crucial importance for exerting
the advantages of rapid solidiﬁcation techniques [6]. However, the
conventional rapid solidiﬁcation routes, such as gas atomization
for preparing powder and melt spinning for obtaining thin ribbon,
suffer from the limitation on useful product size and hence can
hardly be used directly. Consequently, such materials are almost
unavoidably followed by a subsequent consolidation step includ-
ing heat treatment at an elevated temperature, thus degrading the
desirable aspects of microstructure obtained via rapid solidiﬁca-
tion [7,8]. The microstructure and mainly the local clustering of Siy. Production and hosting by Elsev
nce and Engineering, Jiangxi
0, China.
14@163.com (C. Zhang),
ng),
om (N. Wang).
als Research Society.phase during heat treatment play an important role in determin-
ing the mechanical properties because fracture initiates at the
clusters and grows rapidly through the matrix [9]. Hence, thermal
stability is essential for rapidly solidiﬁed raw materials.
Matsuura et al [10]. studied the precipitation behavior of super-
rapidly solidiﬁed hypereutectic Al-17 wt% Si alloy and found that Si
phase (about 20 nm) dispersed in the Al matrix and grew gradu-
ally during sintering, while the size of Si phase remained at a sub-
micro level. They also indicated that after a quick growth at the
beginning of sintering, the growth rate decreased signiﬁcantly
with prolonging the holding time. In addition, the coarsening of Si
phase in semi-solid state is observed, and the coarsening rate
constants increased with either increasing or decreasing solid
fraction, depending on the conditions of invariable temperature or
Si content, respectively [11]. Furthermore, the growth of pre-
cipitated Si crystals is signiﬁcantly inﬂuenced by the original mi-
crostructure of rapidly solidiﬁed alloy. Isothermal annealing of Al-
12 wt% Si alloy ribbons showed that the microstructure features of
rapid solidiﬁcation disappeared when the annealing temperature
was above 250 °C [7]. Their results indicated that the micro-
structure of rapidly solidiﬁed alloy was less stable. However, most
of the rapidly solidiﬁed Al alloys are needed to be consolidated at
the temperature above 250 °C to obtain near full-density.
Previous studies suggested that thermal stability is signiﬁcantly
inﬂuenced by the solidiﬁcation rate. Graiss and Saad [12] studied
the thermal stability of Sb-InSb eutectic alloys solidiﬁed uni-
directionally in a vertical resistance furnace. They concluded thatier B.V. This is an open access article under the CC BY-NC-ND license
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rate of 30 mm h1) than the large sample (solidiﬁcation rate of
15 mm h1). Vianco et al. [13] studied the coarsening behavior of
Pb-rich phase particles in Sn-37 wt% Pb solders with solidiﬁcation
rate from 0.1 to 100 °C min1 using a differential scanning ca-
lorimeter (DSC). Their results suggested that the Pb-rich phase
particle grew more quickly in the sample solidiﬁed at large soli-
diﬁcation rate than that at low solidiﬁcation rate. Our previous
work on gas-atomized Al-Si alloy showed that the microstructure
characteristics were strongly inﬂuenced by the particle size
[14,15]. The calculated relationship between solidiﬁcation rate and
particle size revealed that the deviation in solidiﬁcation rate re-
sulted in the difference of microstructure characteristics. There-
fore, the solidiﬁcation rate of rapidly solidiﬁed alloy should also
affect the growth of precipitates during isothermal annealing.
However, until very recently, few studies have been paid to the
effect of solidiﬁcation rate on crystal growth behavior in rapidly
solidiﬁed alloys.
In this work, the growth of precipitated Si crystals in gas-ato-
mized hypereutectic Al-27 wt% Si alloy with different particle sizes
is investigated to clarify the effect of solidiﬁcation rate on the
coarsening behavior of precipitates. The growth of the Si crystals is
studied as a function of solidiﬁcation rate, annealing temperature,
and holding time. The coarsening kinetics of different samples is
calculated on the basis of a modiﬁed LSW equation.2. Experimental procedure
In this study, an Al-27 wt% Si hypereutectic alloy with im-
purities less than 0.1 wt% was employed. The master alloy was
prepared by induction melting at 950 °C using high purity Al
(99.995 wt%) and single crystal Si. The molten metal was poured
into a tundish, and then atomized through a graphite melt delivery
nozzle with an inner diameter of 2.5 mm. The atomization was
operated at a pressure of 0.9 MPa by an annular N2 gas atomizer.
The as-atomized powder was thereafter cooled down to room
temperature under the protection of N2.
According to the previous researches, powder particle size has
a signiﬁcant effect on the solidiﬁcation rate of gas-atomized
powder [14,16]. Hence, the as-atomized powder was mechanically
sieved into ﬁve different particle size groups of 200–250, 90–125,
63–74, 38–50, and less than 25 mm, respectively, to investigate the
effect of solidiﬁcation rate on the thermal stability. Isothermal
annealing of the samples with different particle sizes was carried
out at 400, 430, and 450 °C for various time up to 10,240 min
under the protection of argon. The heating rate from room tem-
perature to the annealing temperatures was 10 °C min1. In each
case, samples of 1 g were placed in a ceramic crucible and an-
nealed since the ﬁxed temperature was reached. Samples after
isothermal treatment were water quenched and then dried for
microstructure observations.
Samples used for microstructure observations were prepared
by standard metallurgical methods, i.e., grinding on SiC abrasive
papers and subsequently polishing with 1 mm diamond paste,
followed by etching with Keller's reagent (1HF-1.5HCl-2.5HNO3-
95H2O, by volume fraction). The powder microstructure was ob-
served using a ﬁeld-emission scanning electron microscope (FE-
SEM, FEI QUANTA-200). X-ray diffraction (XRD) analysis was car-
ried out with a Rigaku D/Max2500VBþ diffractometer using Cu
Kα radiation at a scan step of 0.02 (°) s1 from 20° to 120°. The
size characteristics of primary Si phase and precipitated Si crystals
were determined with a commercial image analysis software
based on several hundreds of Si phase particles and precipitates
under each condition on at least twenty single powder particles.
The average size was denoted according to the diameter of anequivalent area, and the details of quantitative analysis were re-
ported in Ref. [13].3. Results and discussion
3.1. Microstructure characteristics
Fig. 1 shows the microstructure of samples with different par-
ticle sizes after isothermal annealing at 450 °C for 40–10,240 min,
respectively, and the corresponding solidiﬁcation rate is also pre-
sented [14]. It can be seen that the eutectic Si phase with bar-like
or entangled structure disappears after annealing. At the same
time, the primary Si phase with sharp corners becomes smooth,
especially in the ﬁne sample obtained with large solidiﬁcation
rate. However, the size of primary Si is stable after holding for 40
and 640 min. Generally, the precipitates grow and their number
decreases gradually as the annealing time prolongs. Ullah et al
[17]. suggested that the diffusion and interface kinetics control the
formation of round and large crystals, i.e., the spheroidizing and
Ostwald ripening occur simultaneously. Meanwhile, they also
found that such a relatively fast process occurred during annealing
at 600 °C for 60 min as a result of low solidiﬁcation rate. After
annealing at 450 °C for 10,240 min, the precipitated Si crystals
grow to 1.82, 2.03, and 2.87 mmwith the average solidiﬁcation rate
of 1.87103, 2.02104, and 6.28105 °C s1, respectively [14].
Comparisons between the microstructure of samples with dif-
ferent solidiﬁcation rates after annealing under the same condi-
tion, some obvious deviation is observed. Firstly, it is observed
from Fig. 1a–c that, after isothermal annealing, the precipitated Si
phase is more clearly observed from the Al matrix of the ﬁne
sample. Additionally, the eutectic Si is completely dismissed in the
matrix of ﬁne sample as compares with that of 63–74 and 200–
250 mm. Such deviation is also found in the samples annealed at
400 and 430 °C, but less obvious owing to the lower precipitation
kinetics. This result implies that the precipitation process is more
rapid to perform in the sample with large solidiﬁcation rate.
Secondly, it is observed that the morphology of the precipitates
is also affected by the solidiﬁcation rate under the same annealing
condition. The precipitated Si with an aspect ratio of 2.64 exists in
the samples of 200–250 mm after annealing at 450 °C for
10,240 min. However, in the samples of 63–74 mm and less than
25 mm, this value is near 1.0, indicating a quasi-spherical mor-
phology. Moreover, it is more obvious that the sample possess
precipitates with different sizes and morphologies after annealing
at a lower temperature or for a shorter holding time, e.g. Fig. 1a–c.
These results suggest that the alloy with large solidiﬁcation rate is
more favorable for the formation of quasi-spherical precipitates
during annealing at a relatively low temperature or for a short
holding time. The above results are contrary to the previous study,
which reported that the formation of spherical precipitates re-
quires elevated temperature annealing to increase the matrix
diffusion rate [18].
Thirdly, it is observed that clustering of the precipitated Si oc-
curs in the ﬁne sample after annealing at 450 °C for 10,240 min,
but less obvious in the large samples. Clustering of the precipitated
Si results in difﬁculty in separation of the precipitates from the
primary Si. Such Si-Si clustering contributes to the rapid coar-
sening of the precipitates after annealing at higher temperature or
for a longer holding time. Therefore, the Si phase grow not only via
attachment of Si atoms but also in the form of some Si-Si clusters
to the surface of existing Si phase [19]. Such difference during
annealing should come from the material with the deviation of
original microstructure.
After isothermal annealing, the morphology of Si phase in
powder over a special range of particle size is studied in more
Fig. 1. Cross-sectional microstructure of the Al-Si alloy as a function of the solidiﬁcation rate and the annealing time after isothermally held at 450 °C.
Fig. 2. Micrographs of the Si phase morphology extracted from the Al-Si alloy powder after isothermal annealing at 450 °C for 10,240 min with particle size of (a) 200–
250 mm, (b) 63–74 mm, and (c) less than 25 mm.
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Fig. 3. Average size of the Si precipitates as a function of the holding time at 400 °C
for the samples have different solidiﬁcation rates.
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matrix and the results are depicted in Fig. 2. It can be seen that,
after isothermal annealing at 450 °C for 10,240 min, the Si phases
(primary Si phase and precipitated Si crystals) become rounder on
the one hand. On the other hand, not only the precipitated Si but
also the primary Si are connected with each other to form a
complex morphology, and the connection of Si phase is more
obvious as the particle size decreases. In particular, in the ﬁne
sample, the isolated Si phase is hard to observe in the micro-
structure (Fig. 2c), then the size of Si phase increases obviously
after annealing.
3.2. Growth of the precipitates
Fig. 3 shows the average size of precipitated Si crystal as a
function of holding time in the samples with different solidiﬁca-
tion rates annealed at 450 °C. As expected, the average size of
precipitates increases when the holding time prolongs. It can also
be observed that, the coarsening rate of precipitates is signiﬁcantly
higher in the ﬁne sample when compares with the other two
samples with larger particle size. For example, in the case of the
sample smaller than 25 mm, the average size of the precipitates
increases by a factor of 6.4 (holding time of 10,240 min). Whereas,
in the samples of 63–74 mm and 200–250 mm, subjected to the
same annealing conditions, have a factor of only 3.9 and 2.6, re-
spectively. After an initial rapid increase, the growth velocity of the
precipitates slows down, and this phenomenon is more obvious in
the large samples. This phenomenon indicates that the alloy withFig. 4. Coarsening of the precipitated Si crystals as a function of thelow solidiﬁcation rate is much more quickly to achieve an equili-
brium state after annealing under the same condition.
In the conventional diffusion-controlled growth, Si phase
grows in the form of attachment of Si atoms to the surface of pre-
existing Si particles. Therefore, the diffusion rate of Si atom plays
an important role during the coarsening process of precipitates.
The diffusion of Si atoms, which is a thermal-activated process,
will become easier via accelerating the diffusion rate to a great
extent as the temperature increases. Thus, the size of the pre-
cipitated Si crystals increases gradually with the annealing tem-
perature. However, the grain growth via conventional lattice dif-
fusion cannot explain the coarsening deviation in the samples
with different solidiﬁcation rates. The coarsening behavior of the
precipitates during isothermal annealing has been described by
Lifshitz, Slyozov, and Wagner, and thus called Ostwald ripening (so
called LSW theory) [20,21]. In order to investigate the coarsening
behavior of precipitated Si phase as a function of solidiﬁcation rate
under different annealing conditions, the following LSW equation
is considered [22]:
̅ − ̅ = ( )R R Kt 1n n0
where R¯ is the average size of the Si precipitates, n is the coar-
sening exponent, K is the rate constant including lattice diffusivity,
and t is the annealing time. In the typical LSW theory, the value of
n is equal to 3, which means that the coarsening process is con-
trolled by the volume diffusion.
However, the coarsening of precipitates is considered to be
inﬂuenced by several factors depending on the system studied,
e.g., super-saturation, volume fraction of second phase, short-cir-
cuit diffusion via surfaces, grain boundaries and dislocation, elastic
strain due to precipitate/matrix mismatch [23]. For better under-
standing the variation of coarsening exponent, the relationship
between R¯ and t is shown in Fig. 4, while the corresponding cal-
culated n values for samples with various particle sizes are listed
in Table 1. All of the experimental data exhibit good linear re-
lationship. It is seen that, at each annealing temperature, the n
value decreases with the particle size and most of them are
smaller than 3. Vianco et al [13]. suggested that the microstructure
of the alloy with large solidiﬁcation rate is not well developed and
n value would be close to 2. Therefore, the smaller coarsening
exponent is believed to be associated with a signiﬁcant motion of
the Si atoms owing to the microstructure characteristics induced
by rapid solidiﬁcation.
According to the LSW theory, the coarsening rate constant, K, in
terms of the cubed particles size versus holding time is given by
the following equation:holding time for the samples have different solidiﬁcation rates.
Table 1
Coarsening exponent (n) and rate constant (K) for the Al-Si alloys have different solidiﬁcation rates at various annealing temperatures.
Annealing temperature, T
(°C)
Particle size, D
(μm)
Coarsening exponent,
n
Correlation coefﬁcient,
R2
Rate constant, K (for n¼2)
(1028 m3 h1)
Correlation coefﬁcient,
R2
400 o25 2.25 0.995 9.62 0.983
38–50 2.41 0.995 6.26 0.989
63–74 2.56 0.994 4.52 0.992
90–125 2.84 0.993 2.76 0.991
200–250 3.16 0.997 1.62 0.995
430 o25 2.16 0.997 20.96 0.977
38–50 2.22 0.996 12.43 0.985
63–74 2.49 0.999 7.69 0.985
90–125 2.85 0.995 4.58 0.999
200–250 3.03 0.993 2.63 0.993
450 o25 2.10 0.998 34.78 0.976
38–50 2.12 0.996 18.82 0.984
63–74 2.37 0.997 10.98 0.991
90–125 2.79 0.996 5.87 0.991
200–250 2.97 0.995 3.38 0.997
Fig. 6. Coarsening rate constant (K) variation with the solidiﬁcation rate at differ-
ent annealing temperatures.
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where s is the precipitate/matrix interfacial energy, D is the dif-
fusivity of the rate controlling species, γ is the surface energy, Vm is
the molar volume of the second phase, C0 is the equilibrium
concentrations of solute in the matrix at the temperature of T, and
R is the gas constant.
In order to investigate the variation of K for the samples with
various particle sizes at different annealing temperatures, n is
ﬁxed to 2 to plot the curves of the average size of Si precipitates
versus annealing time, as shown in Fig. 5. All of the data were
ﬁtted with the equation ( )¯ = ¯ +R R Kt02 1/2, and the values of K are
also listed in Table 1. The values show an accelerated coarsening
kinetics with increasing solidiﬁcation rate or annealing
temperature.
Fig. 6 shows the rate constant versus solidiﬁcation rate at dif-
ferent annealing temperatures, and the corresponding particle si-
zes are also presented in the top axis. It is shown that, at the same
annealing temperature, the rate constant decreases with solidiﬁ-
cation rate. This result suggests that fast diffusion controls the
coarsening process in the sample solidiﬁed at large solidiﬁcation
rate. It is generally known that the driving force for coarsening is
the reduction of interfacial area, which corresponds to the growth
of the precipitated Si phase [24]. Assuming that the samples have
the same energy after annealing, it is clear that the ﬁne sample
with large solidiﬁcation rate possesses higher interfacial energy at
the as-solidiﬁed state and thus exhibits higher coarsening rateFig. 5. Average size of the precipitated Si crystals as a function of the holding time atconstant.
According to the previous studies [14], Al matrix is highly dis-
torted in the ﬁne sample and thus leads to high defects such as
dislocations and vacancies. Therefore, these defects provide more
paths for the diffusion of Si atoms. As it is reported, the motion of
point and line defects could have a role in the underlying transport
process for the re-distribution of Pb atoms in Sn-Pb alloy undervarious annealing temperatures for the samples have different solidiﬁcation rates.
Fig. 8. Activation energy (Q) for coarsening of the precipitates as a function of the
solidiﬁcation rate.
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in the rapidly solidiﬁed Al-Si alloys, which results in fast diffusion
controlled coarsening. Studies of Chung et al [18]. suggested that
pre-aging treatment had a beneﬁcial effect on decreasing the
amount of super-saturation, and then slowed down the coarsening
kinetics of L11 precipitates. In contrast to the pre-aging effect,
increasing solidiﬁcation rate leads to high coarsening rate of the Si
precipitates.
Furthermore, the microstructure of rapidly solidiﬁed hyper-
eutectic Al-Si alloy showed that the size of primary and eutectic Si
phase decreased obviously as the solidiﬁcation rate increased [14].
This phenomenon results in high surface energy of the Si phases in
the ﬁne sample, and this is favorable for inter-diffusion and coar-
sening. Such effect is enhanced in the ﬁne sample possessing
densely dispersed eutectic Si phase with entangled structure.
On the other hand, due to the larger stored energy of the ﬁne
sample associated with large solidiﬁcation rate, less energy is re-
quired to activate the precipitation of Si phase from the super-
saturated Al matrix and the subsequent coarsening process. Na-
kajima et al [25]. reported that the coarsening of precipitates is
accelerated by the creep strain in the Al-Cu alloys. The authors
suggested that the strain enhancing the coarsening of precipitates
can be explained by the scavenging effect of dislocations. A dif-
ference in thermal expansion between two phases in a system can
cause macro-strains [26]. Owing to the large difference in the
coefﬁcient of thermal expansion between aluminum
(23.0106 °C1) and silicon (4.2106 °C1) [4], it is reason-
able to believe that large misﬁt strain exists in the hypereutectic
Al-Si alloys solidiﬁed at large solidiﬁcation rates. This also results
in the deviation of precipitate coarsening behavior during iso-
thermal annealing.
The energy of activation (Q) for the coarsening process can be
determined based on the assumption that the coarsening behavior
is followed by an Arrhenius type equation [27]:
⎛
⎝⎜
⎞
⎠⎟= − ( )K A
Q
RT
exp
3
or
( ) ( )=− + ( )K
Q
RT
Alog log 4
where K is the rate constant, A is an constant, R is the gas constant,
and T is the absolute temperature. Hence, the activation energy for
Si precipitates coarsening can be derived from the rate constant
obtained under different annealing temperatures and the plots of
log (K) versus (1000/T) are shown in Fig. 7.Fig. 7. Coarsening rate constant (K) variation with the annealing temperature for
the samples have different solidiﬁcation rates.The activation energy for coarsening of the Si precipitates in-
creases dramatically with the solidiﬁcation from 25.9 kJ mol1 to
45.1 kJ mol1, as shown in Fig. 8. This result can be attributed to the
high total internal surface energy when the solidiﬁcation rate in-
creases, and thus requires less energy to activate the coarsening
process. The values of the activation energy for precipitates coar-
sening are signiﬁcantly lower than that for the self-diffusion of Si
(400–450 kJ mol1), and also lower than that of Si precipitation and
coarsening as previously reported for plasma sprayed Al-12 wt% Si
alloys [8,28]. Voorhees et al. [29] investigated the effect of volume
fraction of coarsening phase on rate constants, and found that the
coarsening rate constant increases as the coarsening phase volume
fraction increases. Therefore, one reason for the relatively low ac-
tivation energy in the present study should come from the presence
of a high content of Si. Considering the fact that structural distortion
of Al matrix due to high super-saturation and large volume fraction
of grain boundaries due to grain reﬁnement, Si phase coarsening via
diffusion in these defects and boundaries is expected to be much
easier than that via conventional lattice diffusion, and then the
energy barriers involved is substantially lower for the former. In
other words, diffusion via defects and boundaries would accelerate
the coarsening process of Si phase, which also contributes to the
relatively low activation energy of Si phase coarsening. Additionally,
as the clustering of Si-Si phase is observed in the samples with large
solidiﬁcation rate or after high temperature annealing, and results
in rapid coarsening of the Si phase.
Therefore, the deviation in coarsening rate comes from the
difference in original microstructure as a result of the difference in
solidiﬁcation rate in the rapidly solidiﬁed Al-Si alloy. However, the
thermal stability of rapidly solidiﬁed alloy decreases as the soli-
diﬁcation rate increases, leading to the difﬁculty in the following
consolidation process because high temperature is always needed
to obtain near full-dense material. Fortunately, previous study of
rapidly solidiﬁed Al-3 at% (Ti, V, Zr) alloy suggested that the pre-
aged alloy has ﬁner precipitates than the as-solidiﬁed one due to
the slowed-down growth kinetics of precipitates [18]. This is un-
derstandable that the pre- aging treatment releases the high
stored energy and defect microstructure which is resulted from
the large solidiﬁcation rate. Accordingly, in order to obtain ﬁnal
product with ﬁne microstructure, a proper pre-annealing treat-
ment may needed before high temperature consolidation of the
rapidly solidiﬁed alloy into the bulk material. Meanwhile, the pre-
annealing parameters on thermal stability of rapidly solidiﬁed al-
loy should be conducted in details.
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matrix and the primary Si becomes smooth. It is noted that in
the small samples having large solidiﬁcation rate the pre-
cipitation process becomes more rapid, and the formation of
quasi-spherical precipitates is promoted during annealing at a
relatively low temperature or for a short holding time.
Moreover, the clustering of the Si precipitates has been ob-
served at high temperatures or for long holding time, thus
contributing to the rapid coarsening of precipitates. In parti-
cular, the isolated Si phase can hardly be found in the ﬁne
samples.
(2) The coarsening rate of precipitates is signiﬁcantly higher in
the ﬁne samples (increment factor of 6.4) compares with the
other two larger samples with a factor of only 3.9 and 2.6,
respectively. Furthermore, the samples with low solidiﬁcation
rate achieve an equilibrium state more quickly after annealing
under the same condition.
(3) Coarsening of the Si precipitates is depicted using a LSW
equation ¯ − ¯ =R R Ktn n0 . As the particle size decreases, the
coarsening exponent (n) decreases and most of the values are
smaller than 3, while the rate constant (K) increases gradually.
The results show that the alloy with large solidiﬁcation rate
possesses high interfacial energy at the as-solidiﬁed state.
High defects, such as dislocation and vacancies, caused by
large solidiﬁcation rate provide more paths for the diffusion of
Si atoms, and then lead to high coarsening rate of the Si pre-
cipitates. Furthermore, high surface energy and micro-strain
resulting from the small Si phase size and thermal expansion
misﬁt also contribute to the high coarsening rate in the ﬁne
samples. The activation energy for coarsening of the Si pre-
cipitates increases dramatically from 25.9 kJ mol1 to
45.1 kJ mol1 with increasing solidiﬁcation rate.
(4) The deviation in coarsening rate of precipitates is interpreted
as a result of the difference in original microstructure caused
by the difference in solidiﬁcation rate in the rapidly solidiﬁed
alloy. A proper pre-annealing treatment may be helpful forimproving the thermal stability of rapidly solidiﬁed alloy.Acknowledgments
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